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OF A TRANSORE TURBINE 

By Warner L. Stewart  and  Robert Y. Wong 

An experimental  investigation was conducted t o  determine the  ef- 
fec t  of rotor leading-edge sweepback on the aerodynamic  performance of EL 

transonic  turbine. The sweepback was accomplished  through  modification 
of the rotor.  U s i n g  an unmodified s ta tor   with  this  m o d i f i e d  rotor re- 
sulted i n  large  incidence  angles at the rotor mean and t i p  sections. A 

0.84 for   the  sweptback unit, w a s  obtained. This loss w a s  a t t r ibu ted   to  
the  rotor  incidence  angles and corresponda to   the  predicted drop i n  effi- 
ciency of approximately 12 points. Detailed surveys downstream of the  

turbine  rotor at design  point  indicated that the  decreased  efficiency 
occurred in the  form of increased losses in   the  region of the  t ip   sect ion.  

t 
e drop in   eff ic iency of only 1 point, from 0.85 for   the unmodified unit t o  
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INTROMJCTIOR 

High specific weight flows i n  turboJet  engines  designed  for  super- 
sonic   f l ight  depend t o  a great extent upon increased stresses within 
turbine-rotor  blades.  Specifically,  reference 1 indicates that the  rotor  
hub stress due t o  centrwugal  force becomes the primary constraint in  
engine desigms for  operation a t  f l i gh t  Mach numbers In excesa of 2.0. 
This constraint  occurs as a resu l t  of the  last-stage turbine-rotor  stress 

weight  flow. 
-d determining the exit annulus area and  hence limiting  the  turbine  specific 

It is w e l l  known that fo r  a given stress limit an increase i n  
turbine-rotor anmilus area  can be obtained by means of a blade  taper  (e.g., 
ref. 2 )  , but it is also important that this  taper  be  achieve3  in  such a 
way tha t  a minimm loss i n  efficiency would be  expected. 

Ih general,  the  throat  region and hub section,.of  high-velocity tur- 
bines  (eee  ref. 3) are the cr i t ical   regions from  an aerodynamic stand- 
point. Thus, f o r  a transonic  turbine,  rotor  taper  could be achieved by 
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means of a sweeping back of the  less   cr i t ical   rotor   leading edge. If the 
rotor is modified  without  modification of the  stator  blades,  abnormally U 

high rotor  Incidence  angles  occur  that might have an adverse  effect on 
turbine performance. 

In -der to  evaluate  quantitatively  the  effect of rotor sweepback 
on the  efficiency of high-velocity  turbines, t h e  transonic  turbine  rotor 
of reference 3 was accordingly  modified and experlmentally  investigated 
with  the unmodified sta tor .  The results of this  investigation are pre- 
sented  herein and include a comparison of the over-all turbine performance 
of t h e   m o d i f i e d  (ref. 3) and  modified units as well as detailed  surveys 
downstream of the  turbine  rotor at design  point. A compqieon of the 
experimentally  obtained loss due to  the  resultant  rotor  incidence angles 
with that theoretically  obtained using the  incidence loss assumption i n  
reference 4 w i l l  also  be  included. 
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SYMBOLS 

The following symbols are used i n  this  report:  

incidence  angle, deg 

specif ic  work output,  Btu/lb 

rotat ive speed, rpm 

absolute  pressure,  lb/sq f t  

outlet  total  pressure, sum of static  pressure plus pressure  corre- 
sponding t o  absolute  velocity, lb/sq f t  

radius 

c r i t i c a l  velocity,  ft/sec 

weight flow, lb/sec 

ratio of specific  heats 

r a t i o  of inlet-air. total pressure to M C A  standard  sea-level 
pressure, p;Jp* 
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r* 
€ function of y, y 

Y* 
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% total   adiabat ic   eff ic iency,   ra t io  of turbine work based on torque, 
w e i g h t  flow, and speed measurements to fdeal work based on inlet 
t o t a l  temperature and inlet and out le t   to ta l   pressure 

qz local  adiabatic  efficiency,  total  state measurements from surveys 
downstream of rotor  

e,, squared r a t i o  of c r i t i ca l   ve loc i ty  a t  turbine inlet t o   c r i t i c a l  

ve loc i ty   a t  NACA standma sea-level temperature, (V,,,/V; 1' 

Subscripts : 

0 s ta t ion  upstream of s t a to r  (all stat ions sham in f i g .  3) 

1 s ta t ion  at free-stream between s ta tor  and rotor 

2 s ta t ion  downstream from turbine 

cr  conditions at Mach  nuuiber of 1 

Superscripts : 

* NACA standard  conditions 

I t o t a l   s t a t e  

DESCRIPTION OF TURBINE MODIFICATION 

The turbfne  bladhg used Fn this  investigation was obtained by 
sweeping back the  leading edge of the  turbine  rotor blades investigated 
in reference 3. This taper is shown in  figure 1 where the unmodified and 
modified ro tor  blades are sham projected An the  radial-axial:  plane. I~I 
order t o  maintain the leading-edge radius within limits that w e r e  
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considered  practical, the centera o f .  the new leading-edge c i rc les  were 
placed on the mean c d e r  l i ne  of the unmodified blade profile.  The 
suction and pressure  surfaces were -bhen.faired SQ that there was no 
sharp change in curvature. Shown i n  figure 2 are the unmodified and 
modified blade prof i les  at the hub, mean, and tip sections. The co- 
ordinates of the modified prof i les  are given i n  table I. 

The unmodif Fed s t a to r  (ref. 3) was used  with the modified rotor.  
Large positive  angles of incidence were produced on the  order of 13O and 35' at the mean and tip  sections,  respectively, when the  turbine was oper- a¶ 
ated at design  point. It is therefore  evident  that  the  operation of the 
modified rotor  blades at such  high  incidence  angles will increase  the blede m. 

losses  (f ig.  2 ) .  These values  represent a considerable  increase over the 
4' used at all sections of the unmodified turbine  rotor (see r e f .  3) . How- 

ever, a loss in  efficiency of only 1-z points was predicted  using  the l o a s  1 

assumption of reference 4. This aaswption is that  the  velocity compo- 
nent normal to  the  blade inlet angle:  represents a total-pressure l o s s .  The 
s m a l l  reduction in efficiency as calculated w a s  a t t r ibutable   to   the h'igh- 
e s t  incidence  angles  occurring in  the region of lowest velocity. Also, 
tending t o  counteract  this  increased loss is the  effect  of the  reduced % 

m e a n  and t i p   ro to r  chord on the  profile  losses.  Thus, from these  consid- 
erations it is indicated  that,  theoretically, only swll reduction  in  ef- 
ficiency is expected as a resu l t  of $he blade  modification. 

m co 
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The apparatus,  instrumentation,'and methods of calculating  the per- 
formance parameters are the same as those  described In reference 3. A 
diagrammatic sketch of the  cold-air  turbine  test  setup is s h a m   i n  fig- 
ure 3, and a photograph of the modified turbine  rotor assembly is shown 
i n  figure 4 .  Test runs were made a t ,cons tsn t  speeds i n  even  increments 
of 10 percent of design  speed over akange from 30 t o  130 percent of 
design  speed. For each  speed, the turbine total-pressure  ratio was varied , 
fran approximately 1.4 t o  limiting-loading  pressure  ratio.  Turbine  inlet 
temperature and pressure were maintained  constant a t  nominal values of 
145O F and 32 inches of mercury absolute,  respectively.  Detailed  radial v 
and circumferential  surveys of total pressure and t o t a l  temperature were 
made dmst ream of the  rotor (fig. 3, s ta t ion  2 )  a t  approximately  design 
speed and design work output. 

. " 

A performance map of the swept leading-edge  turbine is presented i n  
figure s(a). The equivalent  specsic work output m/ec ,  ie sham as a 
function af the equivalent-weight-fldw - speed  parhmeter ewN/6 with 
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contours of percentage of design speed, actual  total-pressure r a t i o ,  and 
t o t a l  efficiency  superhrposed.  Rating  total-pressure  ratio is not used 
in th i s   f igure  because the  investigation is concerned  with the  effect  of 
the  rotor-blade  modification on the  turbine aerodynamic losses. 

Inspection of figure  5(a)  Indicates that design point occurs 2 per- 
cent below limiting loading and at an  efficiency  approaching 0.84. Com- 
parison of these results with  those  obtained f o r  the unmodified turbine 
can readily be made  by using figure  5(b), which is a reprint  of the over- 
all performance map presehted in reference 3. For the unmodffied unit ,  
design  point  occurred 3 percent below limiting loading and at  an effi- 
ciency  approaching 0.85. Thus , it is indi&&  that sweeping  back the 
leading edge of the ro tor  resulted i n  a 1-point loss in   eff ic iency and 
an operation  sl ightly  closer  to  l imiting  loading. The reduction in  effi- 
ciency is slightly less than  the 1~ points  predicted as a resu l t  of the 

high  rotor  incidence  angles. The difference m i g h t  be at t r ibuted t o  the 
effect  of the  reduced m e a n  and t i p  chords on the proflle loss. However, 
little significance is attached  to  the  difference,  as it is on the  order 
of the  accuracy of the  turbine  efficiency. It might a l s o  be mentioned 
tha t  the change in turbine  exit  flaw angle was suf f ic ien t ly  small tha t  
the  rating  efficiency was also reduced  by 1 point (0.84 t o  0.83). 

1 

Figure 5 also indicates  that the modified turbine had a peak effi- 
ciency of s l igh t ly  over 0.86 which is approximately 1 point greater than 
that of the unmodified turbine (0.85 1. This  improvement i n  peak eff i- 
ciency  can  probably be at t r ibuted t o  the shift in the region of zero 
average  incidence  angle from design  speed t o  speeds above design where 
the peak efficiency  region  occurs. 

In order t o  study  the performance of t h e  turbine  rotor at design 
point,  detailed  circumferential and radial surveys were taken  damstream 
of the  r o t o r  and converted  into local efficiencies.  The peak loca l   e f f i -  
ciency was then  selectea from circumferential  surveys at a given radius 
as most representative of the  rotor performance and is presented  in fig- 
m e  6. These peak values of local efficiency  are  considered t o  be most 
representative of ro to r  performnce  because  they  represent flow along 
streamlines which emaaate  from the  regions of flow between the  stator- 
blade wakes. Also included for comparative  purposes is the  curve  obtained 
for   the unmodified turbine.  (This  curve is taken from f ig .  8 of r e f .  5 
and extended with known data   to   the w a l l  region. 1 Over the  lower two- 
thirds of the annulus  (radius r a t i o  from 0.7 t o  0.91, the  efficiency 
curves are approximately  the same. In the  region of the   t ip ,  however, 
the  efficiency of the  swept leading-edge  turbine  drops off fram tha t  of 
the unmodffied unit .  This condition might  be  expected  as  the low momen- 
tum fluids  occurring as a resu l t  of the  r o t o r  incidence  losses would tend 
t o  be  forced  out  to  the  t ip by centr-lfugal  force showing up at the  turbine 
exi t   as   the  t ip  loss. 
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C O ~ L u D m  REMARKS 
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The results of this investigation  indicate that for  the  particular 
turbine investigated;  only a small redbction in efficiency was obtained a8 
a resu l t  of the sweepback taper. It must be  pointed out, however, that 
the unmodified turbine unit had a moderate efficiency of 0.85 and that  
the loading of the  rotor  was not  too  great. Thus, the-effect  of the 
swept leading edge on the performance of a more efficient.  car m o r e  highly 
loaded turbine i s  s t i l l  unknown. It might also be pointed out that if 
t he   s t a to r  had been  modified a l s o  so  tha t  no incidence loss would have 
been incurred at design point, t h e  modified turbine may very w e l l  have 
had an  efficiency at least equal t o  that of the unmodified t u b  h e .  !Thus, the  resul ts   indicate   that   th is  f o r m  of rotor-blade  taper may offer 
a potential  of rotar-hub stress reductiun  without  serious  penalty i n  
efficiency . 

L e w i s  Flight  Propulsion  Laboratcry 
National  Advisory Committee fo r  Aeronautics 

Cleveland, Ohio, March 7, 1955 
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Figure 1. - Projection of urrmodified and mcdj.fied blades In radial-axial plane. 

4 '  I s 

. . . . . . . . . .. .. 

62% c # 

. . ... . 



9 

. 
”” 



. .  . .  .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

I- . L 

. . . . . . . . .. . 

Figure 3. - Diapanrmatic &etch of cold-air turbine t e s t  eectim. 
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Equivalent-weight-f lox - speed p”amavr, C y, (lb) (rpm) /sec 
(a) Modifled rotor. 

Figure 5. - Turbine performance mags. 
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Eguivalent-weight-flow - speed parameter, E F, (lb) (rpm)/sec 

(b) Unmodified rotor (ref. 3). 

Flgure 5 .  - Concluded. Wbine  performance m~tps. 
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Figure 6 .  - C ~ a r i a o n  of rotor-exit aurvey 
results obtafned for  unmodified and modified 
turbines at design point. 




